The administration of hepatitis C virus (HCV) NS3/4A protease inhibitors to patients with chronic HCV infections has demonstrated that they have dramatic antiviral effects and that compounds acting via this mechanism are likely to form a key component of future anti-HCV therapy. We report here on the preclinical profile of MK-7009, an inhibitor of genotype 1a and 1b proteases at subnanomolar concentrations with modestly shifted potency against genotype 2a and 2b proteases at low nanomolar concentrations. Potent activity was also observed in a cell-based HCV replicon assay in the presence of added human serum (50%). In multiple species evaluated in preclinical studies, the MK-7009 concentrations in the liver were maintained at a significant multiple of the cell-based replicon 50% effective concentration over 12 to 24 h following the administration of moderate oral doses (5 to 10 mg per kg of body weight). MK-7009 also had excellent selectivity against both a range of human proteases and a broad panel of pharmacologically relevant ion channels, receptors, and enzymes. On the basis of this favorable profile, MK-7009 was selected for clinical development and is currently being evaluated in controlled clinical trials with both healthy volunteers and HCV-infected patients.
The administration of hepatitis C virus (HCV) NS3/4A protease inhibitors to patients with chronic HCV infections has demonstrated that they have dramatic antiviral effects and that compounds acting via this mechanism are likely to form a key component of future anti-HCV therapy. We report here on the preclinical profile of MK-7009, an inhibitor of genotype 1a and 1b proteases at subnanomolar concentrations with modestly shifted potency against genotype 2a and 2b proteases at low nanomolar concentrations. Potent activity was also observed in a cell-based HCV replicon assay in the presence of added human serum (50%). In multiple species evaluated in preclinical studies, the MK-7009 concentrations in the liver were maintained at a significant multiple of the cell-based replicon 50% effective concentration over 12 to 24 h following the administration of moderate oral doses (5 to 10 mg per kg of body weight). MK-7009 also had excellent selectivity against both a range of human proteases and a broad panel of pharmacologically relevant ion channels, receptors, and enzymes. On the basis of this favorable profile, MK-7009 was selected for clinical development and is currently being evaluated in controlled clinical trials with both healthy volunteers and HCV-infected patients.
Chronic infection with hepatitis C virus (HCV) is a major worldwide epidemic, and there are estimates that approximately 130 million to 170 million individuals are infected (17, 51) . HCV is a positive-strand RNA virus of the Flaviviridae family and replicates primarily in the liver. While disease progression is typically a slow process that occurs over many years, a significant fraction of patients ultimately develop serious liver disease, including cirrhosis and hepatocellular carcinoma (19) . Because of the major advances that have been made in therapy for human immunodeficiency virus (HIV) infection, HCV is currently a leading cause of death in HIV-coinfected patients (42) and is also the most common indication for liver transplantation surgery (1) .
HCV shows significant genetic heterogeneity, with six separate genotypes and multiple subtypes having been characterized to date (46) . The current standard-of-care therapy for HCV infection involves treatment with a combination of pegylated interferon and ribavirin (10, 26, 31) . While the rates of a sustained virologic response (SVR; defined as a viral load below the limit of detection 6 months after the cessation of treatment) are high for genotype 2-and 3-infected patients treated with pegylated interferon and ribavirin (44) , the SVR rates in the more prevalent genotype 1-infected population are much lower, constituting 40 to 50% of treated individuals after 48 weeks of therapy. Pegylated interferon and ribavirin therapy is also associated with a number of serious side effects, which limit the number of patients who may be treated (9) .
Multiple viral proteins essential for replication have been characterized (4, 27) ; and a clinical proof of concept has been demonstrated for small-molecule inhibitors that act against several of these, including NS3/4A protease (40, 48) , NS5B polymerase (both active site and allosteric inhibitors) (11, 12, 13, 36) , NS4A (37) , and most recently, NS5A (33) . Of these, NS3/4A protease inhibitors have progressed the furthest to date in terms of clinical evaluation and have been demonstrated to achieve highly significant reductions in HCV viral loads in patients (47) . The first clinical proof of concept for an HCV direct antiviral inhibitor was shown for BILN-2061 ( Fig. 1) (16, 23) , a rapidly reversible, P1-P3-constrained macrocyclic compound, although its development was subsequently discontinued as a consequence of the cardiac histology seen in monkeys (41) . The clinically most advanced inhibitors acting via NS3/4A inhibition, VX-950 (telaprevir) (18, 35) and SCH-503034 (boceprevir) (43) , are both keto-amide compounds which covalently bind to the active-site serine of the protease in a slowly reversible manner. More recently, a number of compounds structurally related to BILN-2061, including , TMC435350 (49) , and BI201335 (28) , have progressed to the early stages of clinical evaluation.
We have previously described an approach to inhibitors of NS3/4A protease at subnanomolar concentrations utilizing a P2-P4 macrocyclic constraint in place of the P1-P3 linker used in the other rapidly reversible potent inhibitors described to date (21) . In this report, we describe the preclinical profile of a development compound, MK-7009, a potent and selective NS3/4A protease inhibitor derived from further optimization of the P2-P4 series of macrocycles. ]heptacosa-6,8,10-triene-24-carboxamide ( Fig. 1) , was prepared by using the synthetic scheme shown in Fig.  2 . The synthesis procedures are available (10a), and a more detailed description of those procedures, along with structure-activity data, leading to MK-7009 will be published elsewhere.
MATERIALS AND METHODS

Compound
In vitro assays. Recombinant HCV NS3/4A protease was expressed and purified from Escherichia coli. Inhibition of HCV NS3/4A protease activity in reactions containing MK-7009 or reference compounds VX-950 and SCH503034 was determined in a time-resolved fluorescence assay, as described previously (29) . Cell-based HCV replicon assays were conducted with the previously described genotype 1b (con1) stable cell line HB1 (2, 24) in the presence of either 10% fetal bovine serum (FBS) or 50% normal human serum (NHS), as described previously (32) . Determinations of the 50% effective concentrations (EC 50 s) for a panel of mutant replicon cell lines were conducted by a TaqMan-based assay, according to a previously described protocol (5) . Cytotoxicity for the HCV replicon cell line was determined by use of a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, assay, as described previously (32) . The potencies of the compounds against clinical NS3/4A sequences were determined by a recently described transient cell-based phenotype assay and with a panel of NS3/4A sequences cloned from human plasma infected with HCV (25) (22) were carried out as described previously. Broad counterscreening of the activity of MK-7009 against a panel of 169 ion channels, receptors, and enzymes was carried out at MDS Pharma Services (Taipei, Taiwan), in which MK-7009 was evaluated for its activity at a concentration of 10 M.
Inhibition of the cell-based HCV replicon assay by combinations of MK-7009 and either interferon alfa 2b (Schering-Plough) or MK-0608, a nucleoside analog inhibitor of the HCV RNA-dependent RNA polymerase (34), was determined. MK-7009 and the second inhibitor were placed at various concentrations in a matrix in a 96-well plate format. Inhibition was determined, and the data were modeled by use of the MacSynergy II program (38) .
Pharmacokinetic studies. Pharmacokinetic studies were performed with rats, dogs, rhesus monkeys, and chimpanzees. The housing, maintenance, and care of the chimpanzees (Pan troglodytes) used in the study were in compliance with all relevant guidelines and requirements of Merck Research Laboratories and the New Iberia Research Center (University of Louisiana at Lafayette). The study protocols were reviewed and approved by the institutional animal care and use committees at both sites. For studies in which MK-7009 was dosed intravenously to fasted rats, dogs, and rhesus monkeys, the compound was administered as a bolus (1.0, 0.1, and 0.1 ml/kg of body weight, respectively) in dimethyl sulfoxide. For oral studies with rats, dogs, and rhesus monkeys, the compound was dosed as a solution in polyethylene glycol 400 (2.0 ml/kg). Two HCV-uninfected chimpanzees (weights, approximately 57 and 52 kg) were dosed orally by the voluntary ingestion of MK-7009 in a chocolate milk vehicle (0.67 ml/kg; Nestle brand). For all studies, blood samples were collected in EDTA-containing tubes at the appropriate times, and the plasma was separated by centrifugation and stored at Ϫ70°C until analysis. Quantitation of MK-7009 levels was carried out by high- performance liquid chromatography-tandem mass spectroscopy (LC/MS/MS) following protein precipitation. Liver samples from rats were obtained at the termination of the experiment. For the dogs, rhesus monkeys, and chimpanzees, biopsy samples of the liver (ϳ200 l) were obtained following sedation of the animals. Tissue samples were homogenized in 4 volumes of deionized water, and quantitation of the drug was carried out by LC/MS/MS after protein precipitation.
RESULTS
In vitro activity and selectivity. The inhibitory activity of MK-7009 against genotype 1 and 2 HCV NS3/4A proteases was tested. The data (Table 1 ) demonstrated that MK-7009 inhibits HCV genotype 1a and 1b NS3/4A protease activity at subnanomolar concentrations (K i s ϭ 0.07 and 0.06 nM, respectively) and is only modestly less active against genotype 2a and 2b enzymes (K i s ϭ 1.0 and 1.4 nM, respectively).
In a cell-based HCV replicon assay, MK-7009 showed potent activity against the genotype 1b enzyme in the presence of 10% FBS (EC 50 ϭ 5 nM), with a modest 2.6-fold shift being observed upon addition of 50% NHS. A very large window with respect to cellular toxicity was observed, with the 50% cytotoxic concentration being greater than 50 M. In a genotype 2a replicon, the potency of MK-7009 was reduced only modestly (EC 50 ϭ 15 nM). By using a panel of genotype 1b replicons harboring mutant NS3 protease sequences conferring resistance to other protease inhibitors, activity shifts ranging from 3-to 275-fold were observed (Table 2) , with the D168Y mutation conferring the largest shift. The potencies of MK-7009 against a panel of NS3/4A sequences from plasma from HCVinfected patients, determined by the use of a transient cellbased protease activity assay, ranged approximately 10-fold (EC 50 ϭ 2.9 to 27 nM) (Table 3) , narrower than the 40-fold and 15-fold distributions previously described for BILN-2061 and VX-950 against these sequence panels, respectively.
The selectivity of MK-7009 against a range of human proteases was compared to the selectivity data for VX-950 and SCH-503034 generated under the same conditions (Table 4) . In a broader MDS Pharma Services (Panlabs) screen performed to assess potential off-target activities, Ͼ10,000-fold selectivity was observed against 169 receptors, enzymes, and ion channels tested. In a preliminary assessment of potential anti-hERG activity, the ability of MK-7009 to interfere with MK-499 binding was measured (50; Butcher et al., PCT International Application WO2002/005860). The results (50% inhibitory concentrations, Ͼ10 M) indicated no significant activity. In a follow-up experiment evaluating the functional activity of MK-7009 at 30 M in a patch clamp with CHO cells stably expressing hERG, less than 40% inhibition was observed. Furthermore, an assessment of the ability of MK-7009 to reversibly inhibit p450 did not show significant inhibition of the isoforms tested (3A4, 2D6, and 2C9), with the 50% inhibitory concentrations being Ͼ10 M.
Inhibition of the cell-based replicon assay by combinations of MK-7009 and interferon alfa 2b were assessed by use of the MacSynergy II program, and the results are shown in Fig. 3A . The relatively small volume above the plane of additivity indicates that the combination displays largely additive inhibition. The combination of MK-7009 and ribavirin displayed a region of synergistic inhibition in the replicon assay (Fig. 3B) . The combination of MK-7009 and MK-0608, a nucleoside analog inhibitor of the HCV RNA-dependent RNA polymerase (34), also displayed a region of synergistic inhibition (Fig. 3C) .
Pharmacokinetics. The pharmacokinetic profile of MK-7009 was measured in rats, dogs, rhesus monkeys, and chimpanzees (Table 5) . Following intravenous dosing at 2 mg/kg to the rats, dogs, and monkeys, MK-7009 demonstrated moderate to high levels of plasma clearance, a moderate volume of distribution, and a short half-life (54 to 78 min). Intravenous administration was not evaluated in the chimpanzees, and thus, clearance was not determined. The plasma exposure (Fig. 4) in chimpanzees was 5.2 M ⅐ h following a 10-mg/kg oral dose, coupled with a liver concentration of 31 M (ϳ2,400 times the genotype 1b replicon EC 50 ) at the single 12-h time point examined. Following oral administration to the rats, dogs, and monkeys, the oral bioavailability (Ͻ15%) and plasma exposure were poor. Despite the poor plasma exposure, significant liver concentrations persisted at 24 h postdosing across the species tested in the preclinical studies (200 to 600 nM, 15 to 45 times the genotype 1b replicon EC 50 in the presence of 50% NHS) (Fig. 5) . The ability of MK-7009 to maintain liver exposure at a significant multiple of the potency against the replicon for extended periods of up to 24 h after the administration of moderate oral doses in multiple species was a key component of the decision to select the compound for clinical development.
DISCUSSION
HCV NS3/4A protease inhibitors will likely be important cornerstones of anti-HCV therapy as the current standard of care evolves (54) . NS3/4A protease inhibitors have previously been shown to demonstrate synergy with agents acting via multiple other mechanisms, including peginterferon alfa 2a (20, 45) , NS5B polymerase inhibitors (7, 14) , NS4A antagonists (53) , and cyclosporine analogs (3, 30) . In the short term, they may allow a reduced duration of therapy when they are used in combination with interferon and ribavirin, coupled with improved SVR rates, particularly in difficult-to-treat genotype 1-infected patients. In the longer term, they are likely to form a key component of any combination therapy acting via the direct inhibition of multiple viral proteins and potentially eliminating the need for interferon and/or ribavirin. Safety, tolerability, and dosing convenience are likely to be key features in distinguishing among the NS3/4A protease inhibitors moving forward in clinical development.
MK-7009 demonstrates highly potent inhibition of genotype 1 and 2 NS3/4A proteases, and the potency translates well to cell-based activity against both genotype 1 and genotype 2 replicon cell lines. The range of potency shifts observed with MK-7009 against mutant replicons conferring resistance to other NS3 protease inhibitors is from 3-to 5-fold for Q41R and F43S, which are in close proximity to the modeled binding region of the ethylcyclopropane moiety of MK-7009, to 125-to 270-fold for R155K, A156T, and D168Y, which are anticipated to be closer in space to the macrocyclic portion of MK-7009. The consequences of these shifts in activity against mutant proteases will need to be established through clinical studies.
The potency of MK-7009 against panels of NS3/4A sequences generated from the plasma of HCV-infected patients ranged only a modest 10-fold, suggesting that potency against the quasispecies complexity expected clinically will be maintained.
The inhibition of the cell-based replicon assay by combinations of MK-7009 and interferon alfa 2b was largely additive, while combinations of MK-7009 and MK-0608 demonstrated significant synergy. If the increased level of inhibition produced by the combination of inhibitors translates to the greater suppression of viral replication in vivo, combination therapy may result in higher SVR rates than therapy with either inhibitor alone. MK-7009 showed a modest threefold shift in potency upon the addition of 50% NHS to the replicon assay mixture. This shift was relatively small, given the free fraction of 1.7% measured in an equilibrium dialysis-based assay of human plasma protein binding. This could be explained either by the much lower K d for the target protease versus that for the plasma protein, which allows partitioning to the target protein, or, alternatively, that the assay with 10% FBS already reflects a large degree of the shift due to protein binding. This profile is not unprecedented; for example, the HIV protease inhibitor efavirenz shows a 7-to 10-fold shift in potency on going from 10% FBS to 50% NHS, while the free fraction is Ͻ0.5% (15) .
The selectivity against human proteases may be an important feature with regard to potential off-target effects of HCV protease inhibitors. MK-7009 demonstrated a large selectivity window against a broad panel of cathepsins, as well as other proteases, such as chymase and elastases. This selectivity profile is in contrast to that seen in the same assays for both VX-950 and SCH-503034, both of which are in advanced clinical studies. While MK-7009 does show modest inhibitory activity against chymotrypsin, the selectivity ratio relative to its potency against NS3/4A is large (8,700-fold). The Ͼ10,000-fold selectivity observed for an array of 169 pharmacologically relevant ion channel, receptor, and enzyme targets conducted at MDS Pharma Services (Panlabs) serves to further demonstrate the highly selective nature of MK-7009. The solubility of MK-7009 as the free acid (0.11 mg/ml at pH 7.7) and potassium salt (solubility at Ͼ10 mg/ml in water) is sufficient to avoid any confounding effects from precipitation in selectivity assays. The lack of significant activity against the p450 isoforms examined is also clearly an attractive attribute for a drug targeting significant liver exposure.
For any compound intended for use for the treatment of HCV infection, an appropriate drug concentration in the target organ, the liver, will be a critical factor in determining its efficacy. MK-7009 demonstrates a significant exposure in preclinical tests with multiple species which persists over a significant time frame. In particular, the concentrations present represent a significant multiple of the activity (EC 50 ) in the FIG. 5 . Concentration of MK-7009 (nM) in liver tissue of species tested in preclinical studies: following a 5-mg/kg oral dose in rats (n ϭ 3), dogs (n ϭ 2), and rhesus monkeys (n ϭ 2) and a 10-mg/kg oral dose in chimpanzees (n ϭ 2). For the dogs, rhesus monkeys, and chimpanzees, individual measurements were within fourfold. a The studies were performed as described in Materials and Methods. CL p , clearance from plasma; V, volume of distribution; t 1/2, half life; C max , maximum concentration of drug achieved in plasma; AUC 0-24 , area under the concentration-time curve from 0 to 24 h. For the chimpanzee study n ϭ 2; for all other studies, n ϭ 3. replicon assay measured in the presence of 50% NHS at 24 h in the case of rat (31-fold), dog (46-fold), and rhesus monkey (15-fold) and 12 h in chimpanzee (2,400-fold), for which a sample was not available at 24 h (Fig. 5) . The excellent plasma exposure seen with MK-7009 in healthy chimpanzees provided a strong basis for the clinical evaluation of an antiviral effect, and the additivity/synergy observed in combination studies in replicon assays suggests a likely benefit of utilizing MK-7009 in combination with interferon alfa 2b. On the basis of the profile of MK-7009 in terms of its potency, selectivity, and liver exposure in preclinical studies, the compound was selected for clinical development and is currently being evaluated in controlled clinical trials with both healthy volunteers and HCV-infected patients (52) .
